Topological semimetals, which display highly unusual quantum properties, have been predicted and discovered in recent years. The known materials with these properties usually occur in compounds with heavy elements. Using density-functional theoretic calculations, we predict that three dense lithium polymorphs in the pressure range 200-360 GPa display nontrivial semimetallic electronic structure. Specifically, these high-pressure phases exhibit Fermi pockets which are nearly degenerate over a loop in k-space, along which multiple Dirac nodes can be identified. Our results indicate that dense lithium may be a topological Dirac semimetal involving a single light element.
INTRODUCTION
Pressure can induce dramatic changes to a material's geometric and electronic structures, resulting in highly complex chemical and physical behavior. At ambient pressure, the light alkali metals, such as lithium and sodium, are viewed as simple metals; the nearly-free electron picture adequately describes their valence electrons. However, the phase diagrams of Li and Na are riddled with novel features, which are clearly non-simple [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Lithium, in particular, patently departs from the realm of simple metals under the application of external pressure At ambient pressure and temperature, lithium is a good metal forming a simple and highly symmetric body centered cubic (bcc) crystal structure. As the pressure is increased, starting near 40 GPa, it undergoes several transformations to complex low-symmetry phases. The structural changes are coupled to counterintuitive modifications of its electronic properties, which cannot be explained by a theory based on the nearly-free-electron approximation. A number of exotic high pressure phenomena ensue, including a metal to semiconductor transition, reappearance of metallization, superconductivity, anomalous melting curve, and electride properties [2, 6, 7, 10, [13] [14] [15] [16] [17] [18] [19] .
Clearly, these changes must be accompanied by nontrivial electronic band structure modifications. Most of the previous studies on the electronic properties of dense solid lithium have focused on the metal-to-semiconductor transition found around 80 GPa pressure [20] and on its superconducting properties from 35 to 48 GPa [21] [22] [23] [24] [25] [26] and beyond [27] . At higher pressures and low temperature, the research to date has mainly focused on determining the preferred Li crystal structures [14, 28] . It has been shown that the high-pressure phases are characterized with the appearance in the electron band structure of a pseudogap, s-to-p charge transfer, and electride-like localization of the conduction electrons in intestitial ionic regions [14, 19, [28] [29] [30] . However, the possibility for reappearing semiconducting behavior or the emergence of states with non-trivial topology has not been examined in detail.
Topologically non-trivial metals and semimetals have been the focus of much interest in modern condensed matter physics research. Their electronic structures exhibit nontrivial band crossings near the Fermi energy, around which the low-energy excitations behave differently from the conventional Schrödinger-type fermions. For example, Weyl and Dirac semimetals host isolated twofold and fourfold degenerate points, respectively, with linear energy dispersions. Their electronic excitations are analogous to the relativistic Weyl and Dirac fermions [31] [32] [33] [34] [35] , making it possible to simulate interesting highenergy physics phenomena in condensed matter systems [36] . To date the mostly studied materials in these directions either consist of binary compounds of heavy elements, such as Cd 3 As 2 [33] , Na 3 Bi [32, 34] , or are still more complex compounds [37] . However, topological semimetals involving only a single light element are hitherto unknown [38] .
In this work, we report a first-principles study on the lightest metallic element, lithium, under high pressure ranging from 200 to 360 GPa. We focus on the three stable phases in this pressure range, namely those with space groups Cmca-24, Cmca-56, and P4 2 /mbc. We find that in all these phases, high pressure tends to drive the valence electrons to localize in the interstitials of the rather complex Li networks. We also show that their electronic structures share some common features. Impor-tantly, they all exhibit fourfold degenerate Dirac points and nearly degenerate nodal loops around their Fermi levels. If the predictions for dense lithium made here are confirmed by experiments, lithium would be the simplest and lightest 3D Dirac semimetal material discovered.
COMPUTATIONAL METHODS
Full structural optimization, enthalpy, electronic band structure, and density of states calculations were performed within Density-functional theory (DFT) using the ABINIT code [39] with three-electron Hartwigsen-Goedeker-Hutter pseudopotential [40] , and the generalized gradient approximation parametrized by Perdew, Burke, and Ernzerhof (GGA-PBE) [41] . A plane-wave expansion with a 2700 eV cut off and a k-point grids for self consistent calculations, as large as 10 × 10 × 10, 6×6×6, and 16×16×16 were used for Cmca-24, Cmca-56, and P4 2 /mbc, respectively. These dense k-point grids are sufficient to ensure convergence for enthalpies to better than 1 meV/atom.
For the rest of the analysis, DFT calculations were performed using the Vienna ab initio simulation package (VASP), within GGA-PBE [41, 42] . The Kohn-Sham states were expanded in the plane-wave basis set with a kinetic energy truncation at 900 eV. In self-consistent calculations, to obtain a converged Brillouin zone summation, 9 × 9 × 9, 7 × 7 × 15, and 9 × 9 × 9 k grids centered at the Γ point were applied for Cmca-24, Cmca-56, and P 4 2 /mbc, respectively. To calculate the Fermi surface at a sufficiently dense k grid but at a relatively low computation cost, we employ the Wannier interpolation method as implemented in Ref. [43] . We verified that the band structures and density of states obtained with VASP agree with those from Abinit.
RESULTS

Crystal structure
The relative enthalpies of the Cmca-24, Pbca, Cmca-56, and P4 2 /mbc structures in the pressure range from 50 to 500 GPa are shown in Fig. 1 . These results are consistent with previous calculations [11, 14, 28] and experimental data [10, 11] . The Cmca-24 structure (space group no. 64; 12 atom primitive cell) is the most stable one above 105 GPa and remains preferred until 226 GPa. The difference in enthalpies between the Pbca and Cmca-24 phases is less than 1 meV per atom at pressures above 85 GPa, which is below than our computational accuracy and agrees with the previous calculations [14, 28] . Above 226 GPa, Cmca-56 (28 atom primitive cell) has the lowest enthalpy and remains such until about 320 GPa. At higher pressure, Cmca-56 becomes unfavourable with respect to P4 2 /mbc. While there have been some disagreements for the exact transition pressures between these phases [11, 14, 28, 44] they are of little consequence for the conclusions of the present work. The findings reported in what follows for each structure persist over relatively large pressure ranges. We have therefore selected a single pressure for each structure, well within their stability regions, to analyze their electronic properties.
Electronic band structure
The electronic band structures and densities of states of the three lithium structures were computed at selected pressures within their regions of stability. The results are shown in Fig. 2 . The band structures in all three phases show similar Dirac-like characteristics and semimetal behaviour. Specifically, the valence and conduction bands touch each other near the Γ, Y , and Z symmetry points for Cmca-24, Cmca-56, and P4 2 /mbc phases, respectively. The electronic densities of states of all three structures are greatly diminished at the Fermi level, however, remain finite. Since the GGA is known to underestimate the electronic band gap, we have carried out hybrid exchange band structures calculations within the Heyd-Scuseria-Ernzerhof approximation (HSE06) [45] as implemented in VASP [42, 46] , with otherwise exactly the same simulation parameters as in the GGA-PBE calculations. The HSE06 results confirm that the dense lithium phases retain their Dirac-like characteristics and semimetal behaviour (see Fig. S6(b) for the HSE06 band structure of P4 2 /mbc at 360 GPa).
The semimetal behavior can be further illustrated by Fermi surface plots, as shown in Fig. 3 . Here we see very small Fermi surface patches, which indicates that the band crossing points are rather near the Fermi level.
In order to better ascertain the nature of the degeneracies in these high-pressure lithium phases, we have constructed Wannier functions for band interpolation [47] for these phases. In Fig. 3 , we show the Wannier functions of all three phases at selected pressures within their stability ranges; these reveal very peculiar localization of the valence electrons. The Li atoms are depicted as pink spheres. The isosurfaces of Wannier functions are drawn as blue-coloured surfaces. For clarity, only one of the Wannier functions for each structure is drawn in Fig. 3 . It can be clearly seen that the Wannier wave functions are localized in the interstitials of the rather complex Li networks. The strong interstitial localization is again a manifestation the exclusionary effect of ionic cores in compressed phases [48] .The localization of electrons can also be seen through electron localization functions(see Fig. S10 for details [49] ). As the electrons are localized in the interstitials, these phases can be thought of as elemental electrides, Li + e − [50] Dirac cones From the calculated band structures and density of states shown in Fig. 2 , all the three phase are semimetals, with valence and conduction bands touching at some momenta in the respective Brillouin zones. It is essential to scrutinize the band crossings in detail, which is made possible by expedient band interpolation via Wannier functions. We plot the dispersions of valence and conduction bands in 2-dimensional k-planes and along lines in the k space. The results are shown in Fig. 4 . It can be clearly seen that for the Cmca-24 phase there are two Dirac points along the b 3 axis, located at k = (0, 0, ±0.13) (see Fig. 5(a) ) about 50 meV above the Fermi level. Meanwhile, the energy dispersions in the k y = 0 plane ( Fig. 4(b) ) exhibit four Dirac cones. Actually, there is a loop in the k z = 0 plane where valence and conduction bands are nearly degenerate (See Fig. 5(a) and Fig.  S8(a) [49] ).
The situation for the Cmca-56 phase is similar to that in Cmca-24. There are two Dirac points lo- cated at the boundary of the Brillouin zone with k = (0.5, 0.5, ±0.12) ( Fig. 5(b) ), almost on the Fermi level, as shown in Fig. 4(c) . The degenerate loop is located in the k z = 0 plane (see Fig. 5 (b) and Fig. S9(a) [49] ). The P 4 2 /mbc phase, however, is slightly different. The four Dirac points are located in the k z = 0.5 plane, i.e., (±0.13, 0, 0.5) and (0, ±0.13, 0.5) ( Fig. 5(c) ), about 30 meV below the Fermi level. There are also nearly degenerate loops in the k x = 0 and k y = 0 planes (see Fig. 5 (c) and Fig. S9 for details [49] ). The locations of the degenerate Dirac points and the nearly degenerate nodal loops within the Brillouin zone of each structure are shown in Fig. 5 .
To further examine and characterize the nature of the degeneracies in these high-pressure lithium phases, we construct and analyze an effective k·p Hamiltonian. Here we take the tetragonal phase (P 4 2 /mbc) as an example. We construct a two band model for the valence and conduction bands. To capture the Dirac points and nearly degenerate nodal loops we expand the Hamiltonian at the Z = (0, 0, 1/2) point of the Brillouin zone. Considering the C 2 (z) symmetry, we letk z ≡ k z − 0.5, and the Hamiltonian is written as:
where σ i are Pauli matrices, and h i are quadratic func- tions of k determined by the symmetry of Z, i = 0, 1, 2, 3.
for i = 0 and 3, and h 1 (k x , k y ,k z ) = f k x k y + gk z . The eigenvalues of Eq. (1) are given by:
It can be clearly seen that the valence and conduction bands will touch each other provided that h 1 = h 3 = 0. In the k z = 0.5 plane, this corresponds to four Dirac points along the b 1 and b 2 directions, i.e., (q 1 , 0, 0.5) and (0, q 2 , 0.5), where q 2 1 = −a 3 /c 3 and q 2 2 = −a 3 /d 3 . Given that g ≈ 0, despite the Dirac points mentioned above, the Hamiltonian in Eq. (1) will lead to nearly degenerate nodal loops in the k x = 0 and k y = 0 planes. The nodal loops are described by elliptic equations. These are d 3 k 2 y + e 3k 2 z + b 3kz + a 3 = 0 in the k x = 0 plane and c 3 k 2
x + e 3k 2 z + b 3kz + a 3 = 0 in k y = 0 plane.
The model parameters are fitted from first-principles results and listed in Table I . Obviously, they satisfy all the conditions for the appearance of the Dirac points and nearly degenerate nodal loops. The locations of Dirac points determined by our effective Hamiltonian are (±0.13, 0, 0.5) and (0, ±0.13, 0.5), which are consistent with our previous observation. 
CONCLUSIONS
In computations on elemental Li at intermediate pressures of 200-360 GPa we find an electronic structure characteristic of a semimetal, with a low but non-vanishing density of states at the Fermi level. Detailed examination of the three competitive structural types in this region shows several Dirac-type cones in the band structure of each, centered at the Brillouin zones or at the boundaries of the Brillouin zones. The energies of these Dirac points are near the Fermi level. They also show nearly degenerate nodal loops in some k-planes. All these features can be characterized by k · p effective Hamiltonians constructed by us, based on symmetry analysis of the systems. In this pressure range elemental Li is computed to be a topological Dirac semimetal.
